All sequence files are available from the NCBI nucleotide database (accession numbers KY437157-KY437667) at <https://www.ncbi.nlm.nih.gov/nuccore/>.

Introduction {#sec001}
============

Foals present increased susceptibility to sepsis and certain pathogens in comparison to adult horses, a condition often blamed on an incompetent immune system. While the neonatal physiologically differs from the adult immune system for its naïve condition at birth and for described age-dependent changes in antigen presenting cells and T cells, foals can build both cellular and humoral immune responses to pathogens comparably to or with greater values than adult horses \[[@pone.0177831.ref001]--[@pone.0177831.ref005]\]. In addition, there is growing evidence that the equine fetus and neonate are equipped to respond to antigenic challenge and produce immunoglobulins (Ig) \[[@pone.0177831.ref006]--[@pone.0177831.ref011]\]. Therefore, vaccination strategies soon after birth could provide timely protection to the foal from infections that cause disease in early age.

The pre-suckle foal is born with endogenous serum IgM and IgG concentrations below protective levels (approximately \<30 and \<10 mg/dL, respectively) and, in this species, maternal Igs must be passively acquired through the ingestion of colostrum for immediate defense after birth \[[@pone.0177831.ref006],[@pone.0177831.ref008],[@pone.0177831.ref012]\]. Maternal Igs decay with time, generally waning within the first 3 months of age with an IgM half-life of 6--16 days, and IgG half-life of 28--32 days \[[@pone.0177831.ref006],[@pone.0177831.ref013]\]. Meanwhile, foals have been shown to produce considerable amounts of endogenous serum IgM and IgG by 2--3 months of age, regardless colostrum ingestion \[[@pone.0177831.ref006]--[@pone.0177831.ref008],[@pone.0177831.ref014],[@pone.0177831.ref015]\].

Earlier studies have illustrated the development of primary and secondary lymphoid tissues in the equine fetus, newborn, and older foal, including the expansion of lymphocyte populations and formation of lymphocyte follicles, and the expression of essential B cell genes and Ig isotypes \[[@pone.0177831.ref008],[@pone.0177831.ref011],[@pone.0177831.ref015]\]. Indeed, experimental and natural infections of mares or equine fetuses have induced antigen-specific IgG responses *in utero* as early as day 200 of gestation \[[@pone.0177831.ref016]--[@pone.0177831.ref018]\]. In addition, equine fetal B cells at day 100 of gestation already encode low levels of localized Ig mutations and length polymorphisms over the variable, diversity, and joining (VDJ) gene segments; and isotype switching is also detected during fetal life \[[@pone.0177831.ref009]--[@pone.0177831.ref011]\]. Sequences from pre-suckle neonatal lymph node samples demonstrate an increasing level of Ig diversity throughout gestation, independent of exogenous antigen. Moreover, Ig variable region sequence diversity increases greatly over the initial months of age in response to exogenous antigen \[[@pone.0177831.ref009],[@pone.0177831.ref010]\]. Limitations of neonatal Ig repertoire diversity have been reported in other species, either in antigen-specific or unselected contexts, including biased usage of immunoglobulin heavy chain variable (IGHV) genes, absence or limitation of terminal deoxynucleotidyl transferase (TdT) DNA polymerase activity, fewer somatic mutations during B cell affinity maturation, and restricted complementarity-determining region 3 (CDR3) lengths \[[@pone.0177831.ref019]--[@pone.0177831.ref023]\]. However, similar restrictions have not been found in the equine fetus or neonatal Ig repertoire to date \[[@pone.0177831.ref008]--[@pone.0177831.ref010]\]. Thus, the equine fetus develops the basic mechanisms necessary to generate humoral responses already in the neonatal period.

Fully mature, functional, and protective immune responses to certain types of vaccines have been reported during the neonatal period in foals, calves, piglets, and fox puppies, suggesting that the use of immunization strategies at this developmental stage has value \[[@pone.0177831.ref024]--[@pone.0177831.ref028]\]. Indeed, administration of vaccines with adjuvant to neonatal foals as young as 1--6 days old revealed antigen-specific IgG responses \[[@pone.0177831.ref029],[@pone.0177831.ref030]\]. In contrast, current vaccination guidelines for horses recommend initiating vaccinations at 3 months of age, and delaying foal vaccination to at least 6 months of age when the dam was vaccinated with the respective vaccine in the last month of gestation; these recommendations aim to overcome a potential maternal antibody interference with the foal's humoral response (AAEP Vaccination Guidelines Review Task Force, 2015; <http://www.aaep.org/custdocs/Foal%20Vaccination%20Chart_8.12.16.pdf>). Humoral response to various vaccines used in the young of many domestic species (e.g. cows, pigs, horses, and dogs) were reported to be affected by maternal antibodies \[[@pone.0177831.ref031]--[@pone.0177831.ref036]\]. The reported suppression was based on the measurement of vaccine antigen-specific serum antibody concentrations in the young through time; however, outcomes vary between types of vaccines and even between studies of the same vaccine, precluding clear conclusions \[[@pone.0177831.ref037]--[@pone.0177831.ref043]\]. For instance, foal vaccination at 3 months of age has been investigated in many other studies, and serum IgM and IgG responses can be detected after the initial vaccination, in some cases independent of the presence of maternal antibodies \[[@pone.0177831.ref029],[@pone.0177831.ref044]--[@pone.0177831.ref046]\].

It is possible that the variation in the outcomes of these studies results partly from the confounding and variable levels of transferred circulating maternal antibodies when measuring endogenous antibody production in the foal, in addition to different IgG half-lives and the antigenic properties of certain vaccine formulations. In order to overcome this limitation, this study describes a novel read-out for humoral vaccine responses using a methodology that measures antigen-specific diversity generated in the IGHV regions expressed on circulating B cells of the foal. In addition, an increase in the diversity of antigen-specific Ig sequences after vaccine boosters corresponds to an increase in the selection for antibodies with greater affinity for the antigen and, consequently, reporting humoral competence.

Taken our previous studies of the immune system of the equine fetus and neonate, we hypothesized that equine neonates generate a diverse antigen-specific Ig response following vaccination, despite the presence of maternal antibodies. To this end, foals received within their first 42 days of age a series of vaccines using a model immunogen (keyhole limpet hemocyanin, KLH) to which horses are naïve or a biologically-relevant commercial vaccine (equine influenza) to which horses are frequently exposed. In addition, their dams were vaccinated or not vaccinated with the same antigens prior to foaling \[[@pone.0177831.ref034],[@pone.0177831.ref047]\]. Neonatal humoral responses were evaluated based on antigen-specific serum antibody levels and Ig heavy chain variable region (VDJ) sequence analysis. Altogether, this study measured 1) neonatal antibody production in response to protein vaccines; 2) the diversity of the neonatal antibody repertoire; 3) how the neonatal humoral response changed with vaccine boosters; and 4) how antigen-specific maternally-derived antibodies affected the production and diversity of antibodies in the neonate. A better understanding of neonatal humoral competence may prompt reevaluation of preventative equine neonatal vaccination strategies in order to decrease the period of pathogen susceptibility for young animals and entire herds.

Materials and methods {#sec002}
=====================

Mares, foals, and experimental design {#sec003}
-------------------------------------

This study was carried out in strict accordance with the recommendations from Cornell University Center for Animal Resources and Education and Institutional Animal Care and Use Committee for the use of vertebrates in research, under an approved protocol (\#2002--0106). All efforts were made to minimize suffering during vaccination and blood collection of foals. Healthy Warmblood and Quarter Horse broodmares carrying pregnancies from Warmblood or Quarter Horse stallions were managed at Cornell University Equine Park, Ithaca, NY on grass pasture during the day, with grass hay and grain supplementation, and observed in a stall overnight in the last month of pregnancy. They received standard vaccinations (tetanus toxoid, Eastern and Western encephalitis, rabies, equine herpesvirus-1) and regular herd deworming based on fecal floatation results. Foals were allowed to suckle colostrum naturally after birth but under observation, and physical examination was performed daily during the study period. Foals with abnormal physical examination, abnormal complete blood cell count, blood IgG concentration values below 800 mg/dL (SNAP® Foal IgG Test, Idexx, Westbrook, MN), or requiring treatment during the 42-day study period were excluded from the study.

Foals were vaccinated intramuscularly on day 3 of age with 2 ml Calvenza™-03 EIV equine influenza killed virus vaccine (Boehringer Ingelheim Vetmedica, Inc., Saint Joseph, MO) or 2 mg KLH in 1 ml saline (Sigma-Aldrich Co., St. Louis, MO) \[[@pone.0177831.ref048]\]. To determine the effect of boosters on the neonatal humoral response, the same vaccines were repeated on days 21 and 35 ([Fig 1](#pone.0177831.g001){ref-type="fig"}). To assess the effect of circulating maternal antibodies acquired through colostrum on the foal's endogenous antibody production, a group of pregnant mares were vaccinated with 2 intramuscular doses of KLH or influenza vaccine 6 and 3 weeks (42 and 21 days respectively) prior to their foaling date. The study design included 5 groups of foals: Group A) n = 5 foals vaccinated with KLH protein born from non-vaccinated mares during the respective pregnancy; Group B) n = 7 foals vaccinated with KLH protein born from vaccinated mares during the respective pregnancy; Group C) n = 3 foals vaccinated with influenza vaccine born from non-vaccinated mares at least in the last 2 years before the respective pregnancy; Group D) n = 9 foals vaccinated with influenza vaccine born from vaccinated mares during the respective pregnancy; and Group E) n = 4 foals not vaccinated (controls) born from non-vaccinated mares during the respective pregnancy.

![Neonatal vaccination and sampling protocols.\
Timeline diagram in days describing the vaccination (vx) and sampling (s) schedule for each group. Pregnant mares (M, gray text) were vaccinated on days minus 42 and minus 21, approximately, before foaling with keyhole limpet hemocyanin protein (KLH, Group B) or a commercial influenza vaccine (Group D). Foals (F, black text) were vaccinated on days 3, 21 and 35 of age with KLH protein (Groups A and B) or influenza vaccine (Groups C and D). Blood samples for serum and antigen-specific B cell sorting were collected on days 3, 21, 28, 35 and 42 days of age prior to vaccination. The protocol included a control group (Group E) of non-vaccinated mares and foals with the same sampling times.](pone.0177831.g001){#pone.0177831.g001}

Blood samples were collected by jugular venipuncture into vacutainers from mares before vaccination (6 weeks before foaling due date) and on day 3 after foaling (approximately 3 weeks after vaccine booster). Blood samples were collected from foals on days 3, 21, 28, 35, and 42 of age. One foal from Groups A and C could not be sampled on day 42. Complete blood cell counts were performed at birth using the samples collected in EDTA tubes. Peripheral blood mononuclear cells collected in heparin sulfate tubes were isolated using Ficoll gradient (density 1.077, GE Healthcare, Piscataway, NJ) centrifugation at 700 x *g* for 15 min; after cell count and viability measured with Trypan blue (Gibco Life Technologies, Thermo Fisher Scientific, Grand Island, NY) exclusion, cell aliquots (approximately 3 to 5x10^6^ cells) were frozen in 1ml CryoStor CS10 (Stem Cell Technologies, Vancouver, Canada) culture medium, and stored in liquid nitrogen. For serum samples collected in tubes without additives, tubes after blood clotting were centrifuged at 700 x *g* for 15 minutes, and serum aliquots stored at -20^o^ C.

Serum keyhole limpet hemocyanin (KLH)- or influenza-specific IgG levels {#sec004}
-----------------------------------------------------------------------

Serum KLH-specific and influenza-specific Ig levels were determined using ELISAs. Briefly, flat-bottom 96-well ELISA plates (Nunc MaxiSorp, Thermo Fisher Scientific) were coated overnight at 4^o^ C with KLH protein (Sigma-Aldrich Co., Saint Louis, MO) diluted at 2 ug/ml in 0.05M carbonate-bicarbonate buffer pH 9.6 (Sigma-Aldrich Co., Saint Louis, MO) \[[@pone.0177831.ref047]\]. Coated plates were blocked with 50mM Tris pH 8.0 plus 1.0% bovine serum albumin (Sigma-Aldrich Co., Saint Louis, MO) for 30min at room temperature. Two-fold serial dilutions (1:15.6 to 1:2,000) of serum samples from foals and mares of each group were assayed in duplicate; dilutions were performed using 50mM Tris pH 8.0 plus 1.0% bovine serum albumin plus 0.05% Tween 20 solution (Sigma-Aldrich Co., Saint Louis, MO). When needed, serum samples were tested with dilutions from 1:125 to 1:16,000. A goat anti-horse IgG (H&L) peroxidase secondary antibody (1:10,000 dilution, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) was used to detect KLH-specific Igs bound to the KLH capture antigen. Washing steps between reactions were performed with 50mM Tris pH 8.0 plus 0.05% Tween 20 solution (Sigma-Aldrich Co., Saint Louis, MO). Substrate hydrogen peroxide and chromogen tetramethylbenzidine (Substrate Reagent Pack, R&D Systems, Minneapolis, MN) were added for 30 min, and 1M sulfuric acid (Sigma-Aldrich Co., Saint Louis, MO) was used to stop the reaction. Reaction optical density (O.D.) was immediately determined using a plate photometer (Multiskan EX, Thermo Fischer Scientific, Waltham, MA) at 450nm wavelength, and data captured and analyzed using the equipment Ascent software. After blank subtraction, O.D. values in the linear range were used for analysis; the average O.D. value was determined from duplicate reactions and divided by the serum dilution factor to calculate the normalized O.D.

To determine serum influenza-specific Ig concentrations, a recombinant from baculovirus equine influenza neuraminidase N8 protein with N-terminal histidine tag from influenza virus A/equine/Pennsylvania/1/2007 (H3N8) (NR-13523, BEI Resources, American Type Culture Collection, National Institutes of Health) was used to coat the ELISA plates at 2 ug/ml in carbonate-bicarbonate buffer. Serum serial dilutions from foal (1:15.6 to 1:1,600) and mare (1:800 to 1:6,400) samples were assayed in duplicate as described for the KLH ELISA. A goat anti-horse IgG (H&L) peroxidase secondary antibody (1:20,000 dilution, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) was used to detect influenza-specific Igs bound to the influenza capture antigen. Results from the influenza ELISA were compared to results obtained from a validated equine influenza virus hemagglutination inhibition assay (EIVHAI) performed by the Cornell University Animal Health Diagnostic Center, Ithaca, NY (Fig A in [S1 File](#pone.0177831.s001){ref-type="supplementary-material"}).

Antigen-specific B cell sorting and immunoglobulin transcript amplification {#sec005}
---------------------------------------------------------------------------

Approximately 5x10^6^ peripheral blood cells in frozen medium as described above from days 21, 28, 35, and 42 from each foal of each group were thawed in 37^o^ C water bath, washed with 10ml RPMI medium plus 10% fetal bovine serum and 1X antimycotic/antibiotic (Gibco Life Technologies, Thermo Fisher Scientific, Grand island, NY), counted and evaluated for cell viability using Trypan blue exclusion. Approximately 2 to 4x10^6^ viable thawed cells were incubated in 500uL RPMI medium with 50uL B cell monoclonal antibody conjugated with allophycocyanin (CD21-APC, clone B-ly4, BD Biosciences, San Jose, CA), 20ug FITC-conjugated KLH (Sigma-Aldrich Co., St. Louis, MO) and 10 ug PE-conjugated equine influenza N8 neuraminidase protein (BEI Resources, NIAID, NIH) \[[@pone.0177831.ref049]\]. Fluorophore-conjugation kits were used as per manufacturer instruction for 2 mg of KLH (fluorescein, Lynx Rapid Fluorescence Antibody Conjugation Kit, LNK062F, AbDSerotec) or 60 ug influenza neuraminidase (phycoerythrin, Lynx Rapid Fluorescence Antibody Conjugation Kit, LNK022 RPE, AbDSerotec). After 30min incubation at 37^o^ C in a gentle rotator, cells were washed with 10ml phosphate buffered solution (PBS, 37^o^ C), and resuspended in 500uL PBS. Antigen-specific double-positive B cells for CD21/KLH or CD21/influenza were sorted with a BD FACSAria high-speed cell sorter at the Cornell Biomedical Sciences Flow Cytometry Core Lab (Cornell University, Ithaca, NY) (Fig B in [S1 File](#pone.0177831.s001){ref-type="supplementary-material"}) directly into 300uL RNA lysis buffer (Zymo Research Corporation, Irvine, CA) in individual Eppendorf tubes, and stored at -80^o^ C. Median value for B cells isolated per sample for KLH was 1,147 (range 158, 7,022) and for influenza 2,316 (range 170, 13,213).

RNA from each sample was purified with the Quick-RNA™ MicroPrep as directed (Zymo Research Corporation). IGHM transcripts were amplified with the one-step high-fidelity FideliTaq™ RT-PCR Master Mix (Affymetrix, Santa Clara, CA). The forward primer was conserved among horse IGHV genes (`5’ RTGAAGCCCTCRCAGACC 3’`) and the reverse primer was in the IGHM heavy chain constant region (`5’ CCAAGGAGAAGGTGATGACG 3’`); this primer pair yielded amplicons of approximately 450 bases (Fig C in [S1 File](#pone.0177831.s001){ref-type="supplementary-material"}) \[[@pone.0177831.ref050]\]. IGHM amplicons were excised from 1% agarose gels and purified with the GeneJET Gel Extraction and DNA Cleanup Micro Kit (ThermoFisher Scientific, Waltham, MA) followed by ligation into the pJET1.2/blunt vector with the CloneJET PCR Cloning Kit (ThermoFisher Scientific, Waltham, MA). Ligations were then transformed into NEB® 5-alpha Competent *E*. *coli* (New England Biolabs, Ipswich, MA). Single colonies were expanded in Luria broth (1% tryptone, 0.5% yeast extract, 0.17M sodium chloride, all from Sigma-Aldrich Co., Saint Louis, MO) with ampicillin (Sigma-Aldrich Co.) and stored as glycerol stocks culture mixed 1:1 with 65% glycerol solution \[glycerol (ThermoFisher Scientific, Waltham, MA), 0.1 M magnesium sulfate (Sigma-Aldrich Co.) and 0.025 M Tris-Cl pH 8 (Sigma-Aldrich Co.)\]. Frozen glycerol stocks were sent to the Iowa State University DNA Facility (Ames, IA) for plasmid preparation and Sanger sequencing. Twenty-four clones were sequenced per time point for days 21, 28, 35, and 42.

To screen for IGHG expression, FideliTaq™ RT-PCR Master Mix (Affymetrix, Santa Clara, CA) and IGHG constant region primers `5’ GCTCTACTCCCTCAGCAGCA 3’` and `5’ CTACGTTGCAGATGTAGGTC 3’` were used with 0.5 uL RNA (Fig C in [S1 File](#pone.0177831.s001){ref-type="supplementary-material"}). Resulting amplicons of 71 to 74 bases were visualized on 2% agarose gels.

For antigen-specific IGHG transcript amplification, cDNA was synthesized with Sensiscript Reverse Transcriptase (Qiagen, Valencia CA) from 1 uL RNA. PCR was performed with conserved primers in the 5' ends of IGHV (`5’ GTGGTTCTTCCTCTTTCTGGTG 3`') and IGHG genes (`5’ GTCACCATGCTGCTGAGG 3’`), and iProof proofreading polymerase (Bio-Rad, Hercules, CA); resulting products of approximately 650 bases in length were excised from agarose gels, cloned and sequenced as described above (Fig C in [S1 File](#pone.0177831.s001){ref-type="supplementary-material"}).

B cell immunoglobulin sequence analyses {#sec006}
---------------------------------------

Sequence content analyses were performed with Geneious version 8.1.8 ([http://www.geneious.com](http://www.geneious.com/)) \[[@pone.0177831.ref051]\]. Replicate sequences were eliminated from the analyses. Germline identity levels were determined by comparing cloned sequences with EquCab2.0 reference genome. Accession numbers KY437157-KY437667 contain Ig sequences determined in this study.

Antigen-specific memory B cells {#sec007}
-------------------------------

Expression of B cell memory markers CD27 and CD38, and B cell reference gene CD79A were measured with quantitative real-time RT-PCR. Briefly, 10 uL reactions were performed in duplicate with iTaq Universal SYBR Green One-Step kit (Bio-Rad Laboratories, Hercules, CA), 1 uL RNA from antigen-specific sorted B lymphocytes, and primers from established assays in a CFX96 real-time PCR detection system (Bio-Rad Laboratories), using the appropriate controls \[[@pone.0177831.ref008],[@pone.0177831.ref050]\]. Relative expression was determined with the ΔΔC~T~ (comparative C~T~) method: target gene expression was normalized (subtraction) with the CD79A B cell reference gene expression (ΔC~T~), followed by calibration (subtraction) to target gene expression in antigen-specific cells sorted from a non-vaccinated control foal of the same age (ΔΔC~T~). The fold difference was calculated with the equation 2^-ΔΔCT^, and percent expression was determined by multiplying the fold difference by 100.

Statistical analyses {#sec008}
--------------------

Normalized ELISA O.D. values were analyzed using a linear mixed model in R version 3.3.0 (R Foundation for Statistical Computing, Vienna, Austria) using lme4 and lsmeans packages to test for statistically significant differences in serum antigen-specific IgG, and day 3 values were included as covariates in the model to account for individual variation in antibody concentrations; the KLH data values were log transformed to best fit the model, and Tukey's method was used to adjust p-values for multiple comparisons \[[@pone.0177831.ref052]--[@pone.0177831.ref054]\]. For all tests, the Type I error was set at 5%. Relationship analyses were performed with Pearson correlation if the data fit a normal distribution or Spearman correlation if the data did not fit a normal distribution, determined by Shapiro-Wilk normality test (GraphPad Prism v6.05 for Windows, San Diego, CA). Data points were plotted with GraphPad.

For Ig sequence data, the Shapiro--Wilk normality test revealed that, in most cases, data did not fit a normal distribution, and the Wilcoxon--Mann--Whitney Rank Sum test with Bonferroni correction for multiple comparisons was used to assess comparisons of nucleotide identity to germline IGHV genes and CDR3 lengths (GraphPad). Chi-square tests were used to measure bias in IGHV gene usage (GraphPad).

Results {#sec009}
=======

This investigation examined the magnitude (serum antigen-specific IgG levels) and quality (B cell antigen-specific Ig diversity) of the equine neonate humoral immune responses to vaccination in the presence or absence of maternal antibodies.

Serum keyhole limpet hemocyanin- and influenza-specific IgG levels {#sec010}
------------------------------------------------------------------

For this study, a group of pregnant mares (n = 7, Group B) was vaccinated with KLH at 6 and 3 weeks prior to their foaling date. A second group of pregnant mares (n = 5, Group A) were not vaccinated. Serum KLH-specific IgG levels on day 3 after foaling in vaccinated mares trended toward statistically greater levels (p = 0.05) in comparison to non-vaccinated mares ([Fig 2A](#pone.0177831.g002){ref-type="fig"}). A serum sample from one mare in the non-vaccinated group showed a normalized O.D. value 3 times greater than the highest normalized O.D. in the vaccinated group, and a repeated test confirmed the results, a rare event not published before using this assay; since her foal did not have detectable serum KLH-specific IgG on day 3, the levels measured in the mare serum were likely non-specific to KLH, and the foal was not excluded from the study.

![Serum KLH- and influenza-specific IgG levels in vaccinated and non-vaccinated mares.\
Mares were vaccinated or non-vaccinated at 6 and 3 weeks prior to their expected foaling date, and antigen-specific IgG levels were measured in serum on day 3 after foaling. A) Serum KLH-specific IgG in vaccinated mares (filled circles) trended toward statistically significant greater levels (p = 0.05) in comparison to non-vaccinated mares (open circles). An outlier result is shown in the non-vaccinated group. B) There was no statistical difference (p\>0.05) in the serum influenza-specific IgG levels between the vaccinated (filled circles) and non-vaccinated (open circles) mare groups. Note the presence of pre-existing influenza antibodies in the group of non-vaccinated mares despite lack of vaccination with influenza vaccine in the previous 2 years. The horizontal lines indicate median values.](pone.0177831.g002){#pone.0177831.g002}

For influenza, mares were vaccinated twice (n = 9, Group D) or not vaccinated (n = 3, Group C) prior to their expected foaling date. Serum influenza-specific IgG levels on day 3 after foaling in vaccinated mares did not differ statistically (p = 0.4) from non-vaccinated mares ([Fig 2B](#pone.0177831.g002){ref-type="fig"}). In addition, pre- (day minus 42 before foaling) and post-vaccination (day 3 after foaling) samples were not statistically different (p = 0.2) (Fig A in [S1 File](#pone.0177831.s001){ref-type="supplementary-material"}).

Blood samples were collected on day 3 of age from foals born from KLH-vaccinated and non-vaccinated mares to measure the passively transferred KLH-specific IgG. A significant (p = 0.01) correlation (Spearman test) for serum KLH-specific IgG levels was observed between the foals' from all groups and their dams' sera (r = 0.61). A significant (p = 0.002) Spearman correlation was also identified for influenza-specific IgG levels (r = 0.72).

Serum KLH-specific IgG levels were measured in vaccinated (Group A, from non-vaccinated mares and Group B, from KLH-vaccinated mares) and non-vaccinated (Group E) foals on days 3, 21, 28, 35 and 42 of age. Using the data from day 3 as a covariate to account for individual variation, a statistically significant increase (p\<0.0001) in serum KLH-specific IgG levels was measured between day 21 and days 28, 35 and 42 in KLH-vaccinated foals from non-vaccinated mares (Group A) ([Fig 3](#pone.0177831.g003){ref-type="fig"}). In KLH-vaccinated foals from KLH-vaccinated mares (Group B), a trend (p = 0.07) for increased serum KLH-specific IgG levels was observed on day 42 compared to day 21 ([Fig 3](#pone.0177831.g003){ref-type="fig"}). Non-vaccinated control foals from non-vaccinated mares (Group E) showed low to undetectable levels of serum KLH-specific IgG, which did not change over time (p\>0.05) ([Fig 3](#pone.0177831.g003){ref-type="fig"}).

![Serum antigen-specific IgG levels in vaccinated and non-vaccinated foals.\
Serum antigen-specific IgG levels were measured in foals from days 3 to 42 of age. Vaccination was performed on days 3, 21, and 35. Data show mean values of duplicate tests for each foal through time. A statistically significant increase (p\<0.0001) in serum KLH-specific IgG was measured between day 21 and days 28, 35 and 42 in KLH-vaccinated foals from non-vaccinated mares (Group A) (log transformed data). In KLH-vaccinated foals from KLH-vaccinated mares (Group B), a trend (p = 0.07) for increased serum KLH-specific IgG levels was observed on day 42 compared to day 21. Passive transfer of maternal antibodies was measured on day 3 in these foals. Non-vaccinated foals from non-vaccinated mares (Group E) had low to undetectable levels of serum KLH-specific IgG (p\>0.05). Serum influenza-specific IgG levels tended to decrease (p = 0.09) between days 21 and 42 in influenza-vaccinated foals from non-vaccinated mares (Group C). In influenza-vaccinated foals from influenza-vaccinated mares (Group D), statistically significant decreases in serum influenza-specific IgG levels were detected between days 21 and 28 (p = 0.05), 21 and 35 (p = 0.002), 21 and 42 (p = 0.0003). There were no statistical differences (p\>0.05) through time in serum influenza-specific IgG levels in non-vaccinated foals from non-vaccinated mares (Group E). Passive transfer of maternal influenza antibodies was measured on day 3 in all foals, regardless of vaccination status of the dams. Asterisks indicate statistical significance (\* p≤0.05, \*\* p≤0.01, \*\*\* p\<0.0001).](pone.0177831.g003){#pone.0177831.g003}

Serum influenza-specific IgG levels tended to decrease (p = 0.09) between days 21 and 42 in influenza-vaccinated foals from non-vaccinated mares (Group C) ([Fig 3](#pone.0177831.g003){ref-type="fig"}). In influenza-vaccinated foals from influenza-vaccinated mares (Group D), statistically significant decreases in serum influenza-specific IgG levels were detected between days 21 and 28 (p = 0.05), 21 and 35 (p = 0.002), and 21 and 42 (p = 0.0003) ([Fig 3](#pone.0177831.g003){ref-type="fig"}). There were no statistical differences (p\>0.05) through time in serum influenza-specific IgG levels in non-vaccinated foals from non-vaccinated mares (Group E) ([Fig 3](#pone.0177831.g003){ref-type="fig"}). Passive transfer of maternal influenza antibodies was measured on day 3 in all foals, regardless of vaccination status of the dams.

A linear mixed model analysis was performed to compare the serum KLH-specific or influenza-specific IgG levels between groups. To account for individual variation in antibody concentrations, day 3 values were included as covariates in the model. Serum KLH-specific IgG levels were not statistically significant different (p≥0.1) between vaccinated foals from non-vaccinated mares (Group A) and vaccinated foals from vaccinated mares (Group B) on days 21, 28, 35, and 42 ([Fig 4](#pone.0177831.g004){ref-type="fig"}). Serum KLH-specific IgG levels significantly differed (p≤0.0001) between vaccinated foals from non-vaccinated mares (Group A) and non-vaccinated foals from non-vaccinated mares (Group E) on days 28, 35, and 42. A trend of increased (p = 0.07) serum KLH-specific IgG levels was also found between vaccinated foals from vaccinated mares (Group B) versus non-vaccinated foals from non-vaccinated mares (Group E) on day 42.

![Serum KLH-specific or influenza-specific IgG levels.\
Linear mixed model analysis was used to compare antigen-specific IgG levels at each time point for the groups: vaccinated foals from non-vaccinated mares (continuous lines; KLH Group A in filled circles; influenza Group C in open circles), vaccinated foals from vaccinated mares (dashed lines; KLH Group B in filled squares; influenza Group D in open squares); non-vaccinated foals from non-vaccinated mares (dotted lines; KLH Group E in filled triangles, influenza Group E in open triangles). Each symbol represents the least square means estimate generated from the data. Significant differences in serum KLH-specific IgG levels were found on days 28, 35, and 42 between Group A and Group E (filled circles versus filled triangles, p\<0.0001, denoted by \*\*\*). A trend of increased (p = 0.07) serum KLH-specific IgG levels was also found between KLH-vaccinated foals from vaccinated mares (Group B, filled squares) versus non-vaccinated foals from non-vaccinated mares (Group E, filled triangles) on day 42. For influenza, there were no statistical differences (p\>0.05) between vaccinated foals (Groups C (open circles) or D (open squares)) and non-vaccinated foals from non-vaccinated mares (Group E, open triangles) at all time points.](pone.0177831.g004){#pone.0177831.g004}

For influenza, there were no statistical differences (p\>0.05) between influenza-vaccinated foals (Groups C or D) and non-vaccinated foals from non-vaccinated mares (Group E) at all time points ([Fig 4](#pone.0177831.g004){ref-type="fig"}).

Germline identity of antigen-specific IGHM sequences {#sec011}
----------------------------------------------------

To characterize antigen-specific IgM diversity in response to vaccination, KLH-specific B cells were sorted using flow cytometry from foal peripheral blood samples, and IGHM variable regions were PCR amplified and sequenced from each foal. Overall, IGHM was readily detectable in the KLH-sorted B cells in all foals, regardless of vaccination status. To quantitatively measure the neonatal Ig sequence, the extent of Ig nucleotide diversity from germline (i.e., mutations), IGHV gene usage, and CDR3 lengths were determined for each sequence. KLH-specific IGHM sequences were compared to the equine reference genome EquCab2.0 to determine the extent of diversity from germline present. The median percent of germline nucleotide identity of KLH-specific IGHM sequences ranged from 94.3 to 96.6 across vaccination groups and time points ([Fig 5](#pone.0177831.g005){ref-type="fig"}). No statistically significant differences (p\>0.05) were identified over time within a group or between groups.

![Germline identity of KLH-specific IGHM sequences.\
The percent of germline nucleotide identity of KLH-specific IGHM sequences for each group is presented for each time point. The value for each cloned PCR product is plotted, and median values are indicated by horizontal lines. No statistically significant differences (p\>0.05) were identified over time within a Group or between Groups.](pone.0177831.g005){#pone.0177831.g005}

Using the same methods, antigen-specific Ig diversity in response to vaccination was measured in sorted influenza-specific B cells from each foal using IGHM variable region PCR amplification, and resulting sequences were compared to the equine reference genome. IGHM transcripts were readily detected on days 21, 28, 35, and 42 in all foals, regardless of vaccination status ([Fig 6](#pone.0177831.g006){ref-type="fig"}). Influenza-specific IGHM transcripts were sequenced from day 42 samples and revealed that the germline identity values of influenza-specific IGHM transcripts from non-vaccinated foals (Group E) were significantly higher than vaccinated foals in Groups C (p = 0.006) and D (p = 0.04) ([Fig 6](#pone.0177831.g006){ref-type="fig"}). The germline identity values of influenza-specific IGHM transcripts did not differ between vaccinated foal groups C and D (p = 0.3).

![Germline identity of influenza-specific IGHM sequences.\
The percent of germline nucleotide identity of influenza-specific IGHM sequences for each group is presented for day 42. The value for each cloned PCR product is plotted, and the median values are indicated by horizontal lines. The germline identity values of influenza-specific IGHM transcripts from non-vaccinated foals (Group E) were significantly higher than those from influenza-vaccinated foals (Groups C, p = 0.006, and D, p = 0.04).](pone.0177831.g006){#pone.0177831.g006}

IGHV gene usage in antigen-specific IGHM sequences {#sec012}
--------------------------------------------------

To determine how IGHV genes were utilized in the antigen-specific IGHM sequences, the respective IGHV germline gene was identified for each sequence. For KLH-specific IGHM, only 4 different IGHV genes were detected (IGHV2S2, IGHV2S3, IGHV2S4, or IGHV4S1); likewise for influenza-specific IGHM, 4 IGHV genes were detected (IGHV2S2, IGHV2S3, IGHV2S4, or IGHV4S2). The usage of each gene was similar (p\>0.05) between the groups ([Table 1](#pone.0177831.t001){ref-type="table"}).

10.1371/journal.pone.0177831.t001

###### IGHV gene usage in antigen-specific IGHM sequences.

![](pone.0177831.t001){#pone.0177831.t001g}

  Vaccine                                       Group   IGHV2S2   IGHV2S3   IGHV2S4   IGHV4S1   IGHV4S2
  --------------------------------------------- ------- --------- --------- --------- --------- ---------
  KLH                                           A       20        75        14        1         0
  KLH                                           B       25        74        20        0         0
  None[\*](#t001fn001){ref-type="table-fn"}     E       11        81        19        1         0
  Influenza                                     C       5         41        13        0         0
  Influenza                                     D       3         40        8         0         0
  None[\*\*](#t001fn002){ref-type="table-fn"}   E       9         26        4         0         1

\* testing for KLH-specific immunoglobulins in non-vaccinated foals.

\*\* testing for influenza-specific immunoglobulins in non-vaccinated foals.

Antigen-specific IGHM CDR3 length distribution {#sec013}
----------------------------------------------

The CDR3 length distribution of KLH-specific IGHM sequences was also analyzed and no statistical differences (p\>0.05) in CDR3 length were found within a group over time or between groups of the same day, (Fig D in [S1 File](#pone.0177831.s001){ref-type="supplementary-material"}). The CDR3 length distribution of influenza-specific IGHM sequences was compared, and no statistical differences (p\>0.05) in CDR3 length were measured (Fig E in [S1 File](#pone.0177831.s001){ref-type="supplementary-material"}).

Germline identity of antigen-specific IGHG sequences {#sec014}
----------------------------------------------------

To further interrogate the foal Ig response to vaccination, IGHG transcripts were amplified from KLH-sorted B cells on days 28, 35, and 42 from each foal. Initially, conserved primers in the IGHG constant region gene were used in one-step RT-PCR to survey for IGHG mRNA expression of any isotype (Fig C in [S1 File](#pone.0177831.s001){ref-type="supplementary-material"}). IGHG mRNA was found in most samples from vaccinated foals. IGHG amplicons from mare KLH-specific B cells were rare. Non-vaccinated foals had rare to undetectable IGHG PCR products using this method.

This analysis was then expanded to obtain IGHG transcript sequences, and a conserved IGHV forward primer was paired with a pan-IGHG reverse primer (Fig C in [S1 File](#pone.0177831.s001){ref-type="supplementary-material"}). These longer IGHV-IGHG RT-PCR products (approximately 600 bases) were consequently more difficult to recover than the small portion of IGHG constant region alone (71 to 74 bases). From vaccinated foal samples, detection of IGHV-IGHG products increased with age, and IGHV-IGHG RT-PCR products were detected in most day 42 KLH-specific B cell samples. Detection of IGHV-IGHG amplicons was variable in mare samples. No IGHV-IGHG sequence could be amplified from non-vaccinated foals (Group E), which validated the specificity of the sorting method. IGHV-IGHG PCR products were cloned and sequenced from day 42 samples, and one to three unique IGHG sequences were obtained per foal despite sampling 24 clones.

For KLH, the median IGHG nucleotide germline identity level was approximately 95% on day 42, comparable (p = 0.7) to values from vaccinated mares ([Fig 7](#pone.0177831.g007){ref-type="fig"}).

![Germline identity of antigen-specific IGHG sequences.\
The percent of nucleotide germline identity levels of IGHG sequences from KLH-vaccinated foals from non-vaccinated mares (Group A) and KLH-vaccinated foals from KLH-vaccinated mares (Group B) revealed median values of approximately 95%, comparable to that of KLH-specific IGHG sequences sorted from KLH-vaccinated adult mares. Influenza-specific IGHG germline identity levels from influenza-vaccinated foals (Groups C and D) were also near 95%, while those of influenza-vaccinated mares ranged from 85 to 94%. No IGHG sequences could be amplified from non-vaccinated foals (Group E). "ND", not detected.](pone.0177831.g007){#pone.0177831.g007}

For influenza, few (1 to 2) unique IGHG sequences were obtained from each group, and statistical analysis was not possible. When no IGHV-IGHG products were detected from foals, additional attempts to amplify antigen-specific IGHV-IGHG transcripts were made with other conserved IGHV forward primers (see [supporting information](#sec020){ref-type="sec"}) but these attempts were unsuccessful. Although the forward IGHV primer was designed to be conserved, it is possible that it did not detect some IGHG transcripts.

The use of a pan-IGHG reverse primer allowed amplification of any IgG isotypes, and sequence analysis revealed the use of IGHG1, IGHG3, and IGHG5 isotypes in foals, and IGHG1 and IGHG6 in mares for both KLH- and influenza-specific B cells.

IGHV gene usage in antigen-specific IGHG sequences {#sec015}
--------------------------------------------------

To determine how IGHV genes were utilized in the antigen-specific IGHG sequences, the respective IGHV germline gene was identified for each sequence. For KLH-specific IGHG, 3 different IGHV genes were detected (IGHV2S2, IGHV2S3, IGHV2S4) in vaccinated foal sequences ([Table 2](#pone.0177831.t002){ref-type="table"}), and IGHV2S2 and IGHV2S4 were detected in mare sequences.

10.1371/journal.pone.0177831.t002

###### IGHV gene usage in antigen-specific IGHG sequences.

![](pone.0177831.t002){#pone.0177831.t002g}

  Vaccine     Group     IGHV2S2   IGHV2S3   IGHV2S4
  ----------- --------- --------- --------- ---------
  KLH         A         3         1         2
  KLH         B foals   1         6         2
  KLH         B mares   1         0         1
  Influenza   C         0         1         0
  Influenza   D foals   0         1         0
  Influenza   D mares   0         2         0

Influenza-specific IGHG sequences from vaccinated foals and mares all utilized the IGHV2S3 gene. There were not enough data points for valid chi-square calculations to assess a bias in IGHV usage.

Antigen-specific IGHG CDR3 length distribution {#sec016}
----------------------------------------------

The measurement of the CDR3 length of KLH-specific IGHG sequences revealed a range of 6 to 24 amino acids in KLH-vaccinated foals (Groups A and B), which spans the range observed in KLH-vaccinated mares (10 to 17) ([Table 3](#pone.0177831.t003){ref-type="table"}). No statistically significant difference (p≥0.3) in IGHG CDR3 length was observed between KLH-vaccinated foal groups (Group A vs. Group B) or between KLH-vaccinated foals and mares. A small and insufficient number of influenza-specific IGHG sequences were obtained for statistical analysis.

10.1371/journal.pone.0177831.t003

###### Antigen-specific IGHG CDR3 length distribution.

![](pone.0177831.t003){#pone.0177831.t003g}

                        CDR3 amino acid length                                       
  ----------- --------- ------------------------ --- --- --- --- --- --- --- --- --- ---
  KLH         A                                      1       1   1   1           2   
  KLH         B foals   1                        1       1   1   1   1   2           1
  KLH         B mares                                    1               1           
  Influenza   C                                                              1       
  Influenza   D foals                                                1               
  Influenza   D mares                                            1           1       

Antigen-specific memory B cell marker quantification {#sec017}
----------------------------------------------------

As antigen-specific IGHG sequences were not consistently detected until day 42, measurement of memory B cell markers was performed only for day 42 samples. Currently, reagents to detect memory B cell protein markers CD38 and CD27 are lacking for the horse; thus, quantitative RT-PCR was performed. Although KLH-specific B cells from all foals were assayed, CD27 mRNA was detected in only one foal of each vaccination group (Groups A and B), and was not detected in any of the non-vaccinated foals (Group E). CD38 mRNA was detected in 4 of 5 KLH-vaccinated foals from non-vaccinated mares (Group A), in 5 of 6 vaccinated foals from vaccinated mares (Group B), and in 2 of 4 non-vaccinated foals from non-vaccinated mares (Group E) ([Fig 8](#pone.0177831.g008){ref-type="fig"}). No statistical difference in percent CD38 mRNA expression was detected between groups.

![Quantitative CD38 mRNA expression in antigen-specific foal cells on day 42.\
Relative expression of CD38 memory cell marker is shown by groups: KLH-vaccinated foals from non-vaccinated mares (Group A, n = 5), KLH-vaccinated foals from vaccinated mares (Group B, n = 6), influenza-vaccinated foals from non-vaccinated mares (Group C, n = 3), influenza-vaccinated foals from vaccinated mares (Group D, n = 8), and non-vaccinated foals from non-vaccinated mares (Group E, n = 4). Missing data points indicate lack of detectable CD38 mRNA expression. No statistical difference (p\>0.05) in percent CD38 mRNA expression was detected between groups.](pone.0177831.g008){#pone.0177831.g008}

For influenza-specific B cells, CD27 mRNA was not detected on day 42 samples from Groups C, D, and E. CD38 mRNA was detected in 1 of 3 influenza-vaccinated foals from non-vaccinated mares (Group C), 2 of 8 vaccinated foals from vaccinated mares (Group D), and in 2 of 4 foals from non-vaccinated mares (Group E) ([Fig 8](#pone.0177831.g008){ref-type="fig"}). There were insufficient data for statistical analysis of influenza-specific CD38 expression between groups.

Leukocyte cytokine production after *in vitro* stimulation with KLH or influenza proteins {#sec018}
-----------------------------------------------------------------------------------------

Peripheral blood mononuclear cells from days 3 and 42 of each foal group were not-stimulated (baseline control) or stimulated *in vitro* with KLH, equine influenza N8 neuraminidase protein or phytohemagglutinin (PHA, positive control). Data analysis revealed no statistical differences (p\>0.05) between days 3 and 42, or between groups for the production of IL-4 and IFNγ when cells where stimulated with the immunogens (Fig F in [S1 File](#pone.0177831.s001){ref-type="supplementary-material"}). Analysis of cytokine production by statistical comparison of IL-4 and IFNγ mean fluorescence intensity (MFI) also resulted in no difference between groups (p\>0.05).

Discussion {#sec019}
==========

This study measured the magnitude and quality of humoral immune responses to vaccination in the equine neonate using antigen-specific serum IgG levels and B cell Ig sequencing. The humoral response to 3 doses of an experimental model protein without adjuvant (KLH) or a commercially available vaccine with proprietary adjuvant (influenza) was measured in foals within their first 42 days of age. In order to test how passively transferred maternal antibodies interfered with the foal humoral immune response, dams were vaccinated or not with the respective immunogens in late gestation. Groups were comprised of vaccinated foals from non-vaccinated mares, vaccinated foals from vaccinated mares using the respective immunogens, and control non-vaccinated foals from non-vaccinated mares.

The dams responded to KLH protein with robust IgG levels, and passive transfer of KLH-specific IgG to the foal through colostrum was successful, validating the use of this experimental model of neonatal vaccination. Because horses are naïve to KLH, which originated from a marine mollusk, it can be used strategically in vaccine studies \[[@pone.0177831.ref047],[@pone.0177831.ref048]\]. In contrast, the serum EIVHAI antibody units measured before and after 2 doses of the influenza vaccine did not show a robust vaccine response in the mares based on the absent statistical difference between pre- and post-vaccination samples, and a median 2-fold increase in EIVHAI antibody units after vaccination. In addition, although the mares in Group C experienced a 2-year washout period for influenza vaccination, these mares had influenza-specific serum Ig levels comparable to influenza-vaccinated mares and passive transfer of influenza antibodies through colostrum was detected in their foals (Group C). Thus, pre-existing influenza Igs in Group C mares and poor responses to influenza vaccination by mares in Group D negated our strategy to measure the effect of maternal antibody interference on neonatal endogenous IgG response to influenza vaccination. Overall, this demonstrates that while studying vaccine responses to common horse pathogens (ie, influenza) provides data with the more clinical relevance than responses to a model immunogen like KLH, this approach has analytical limitations when serum Ig levels are the readout. Other studies have shown low antibody response to influenza in adult horses, and possibilities offered were detectable antigen-specific antibodies in the subject horses prior to vaccination (from prior vaccination or natural infection) or variable response to the vaccine among subjects \[[@pone.0177831.ref055],[@pone.0177831.ref056]\].

Taken the young age of the foals in this study, the detection of a robust (3 logs greater) KLH-specific IgG production after the first 2 doses of the immunogen 18 days apart was remarkable, and testified to the preparedness of the humoral immune system in the equine neonate, also supported by our and other previous publications that document expression of essential B cell markers and Ig sequence diversity in equine fetal and foal lymphoid tissues \[[@pone.0177831.ref008]--[@pone.0177831.ref011]\]. The marked amplitude of response was obvious in KLH-vaccinated foals from non-vaccinated mares (Group A); in KLH-vaccinated foals from KLH-vaccinated mares (Group B), 2 foals showed 1 log greater value on day 42 of sampling in comparison to the previous time points, suggesting that the early amplitude of response to KLH was hampered by circulating maternal antibodies, yet not abrogated. Our findings of serum IgG production in response to vaccination are consistent with those of Ryan and Giguere \[[@pone.0177831.ref029]\], which reported vaccine-specific IgGa and IgG(T) production 3 weeks after vaccination of 3-day-old foals with a commercial cattle vaccine; together, both studies show the earliest Ig response to intramuscular vaccination in the equine neonate. Adequate passive transfer of Ig through colostrum is essential for the survival of the equine neonate, and a valuable strategy against pathogens that challenge the species in early age. Nevertheless, questions remain about the mechanisms by which circulating maternally-derived antibodies affect the development of the neonate's endogenous humoral immunity, and the overall impact on vaccination response later in life has yet to be defined \[[@pone.0177831.ref057],[@pone.0177831.ref058]\]. Other aspects that affect directly and indirectly humoral responses in neonates involve antigen presenting cell competence to activate T cells, co-stimulatory capacity of T cells to stimulate B cells and, importantly, quality of vaccine, including immunogenicity and recognition by different toll-like receptors \[[@pone.0177831.ref059]\].

Independently of the group, the maternally-derived influenza-specific IgG levels markedly dropped within the first 42 days of age (Groups C and D), at a much faster rate than previously reported \[[@pone.0177831.ref034]\], which indicates the need to review current influenza vaccination recommendation for foals based on maternal antibody interference criterion. A decreasing serum influenza IgG level within the first 42 days of age in vaccinated foals would also suggest failure of response to influenza vaccination and, taken the contrasting results for KLH response, this finding warrants further investigation on influenza vaccine immunogenicity in the context of the young foal's immune system. The current AAEP guidelines for influenza vaccination of foals with inactivated vaccine as used in this study call for a 3 dose series between 6 and 12 months of age. Appropriate recommendations for influenza vaccination in human infants has also been a challenge and, to date, there are no influenza vaccines approved for use before 6 months of age; the more recent development of influenza vaccines with greater immunogenicity and the use of novel adjuvants have shown promising results in promoting an immune response in the young \[[@pone.0177831.ref060]\]. It should be noted that the influenza ELISA capture antigen, a recombinant neuraminidase N8 protein from influenza virus A/equine/Pennsylvania/1/2007 (H3N8), is not from a strain included in the Calvenza™-03 EIV vaccine. However, analysis of 98 EIV N8 protein sequences revealed amino acid identity levels ranging from 88.3 to 100% over the 470 residue protein. Considering these high levels of amino acid identity and the agreement of the influenza ELISA results with the hemaglutination antibody inhibition assay results, it is unlikely that strain differences in the N8 sequence account for the low influenza-specific serum Ig levels reported herein.

Based on previous studies, we expected the challenge of measuring small levels of endogenous serum influenza-specific IgG in the midst of passively-transferred maternal antibodies \[[@pone.0177831.ref033],[@pone.0177831.ref034]\]. Therefore, the innovative aspect of our study was the use of B cell Ig variable region sequencing to: first) detect the presence of B cells, known in low numbers, with Ig on the cell surface that recognized the antigen of interest, a measurement not confounded by circulating maternal antibodies; and second) measure the generated B cell Ig diversity and selection after booster doses. Antigen-specific B cells were characterized based on clonality, mutation from DNA germline sequence, heavy chain variable gene usage, complementarity-determining region length, and isotype switching; these are mechanisms used during B cell development in the germinal center of secondary lymphoid tissues to achieve high affinity and specificity for antigens.

IGHM transcripts were readily detectable in the KLH-sorted and influenza-sorted B cells of all foals, regardless of group. This finding suggests that the equine neonate produces *in utero* a repertoire of B cells with Ig variable regions that bind to diverse antigens, including KLH and influenza proteins, and these cells may reflect low-affinity polyreactive natural IgM, perhaps generated by the B-1 cells prevalent in fetal and neonatal periods \[[@pone.0177831.ref061],[@pone.0177831.ref062]\]. In addition, a proportion of IgM-expressing B cells are spared from the Ig hypermutation and selection mechanisms performed in lymphoid tissue germinal centers that improve Ig affinity before their isotype switching into IgG \[[@pone.0177831.ref063]\]. Thus, it was somewhat expected that IGHM transcripts would not markedly differ between vaccinated and non-vaccinated foals through time, and would also be detected in non-vaccinated foals at this early age.

Germline identity indicates how similar or different the generated Ig variable region mRNA sequences compare to DNA sequences, and a lower identity indicates greater Ig diversity through hypermutation, a goal of B cell development during affinity maturation after antigen encounter. For KLH-specific IGHM sequences, germline identity was steady throughout the sampling periods, independently of booster doses. Surprisingly, influenza-specific IGHM sequences showed an increased nucleotide diversity from germline along the IGHV gene region in vaccinated foals when compared to non-vaccinated foals, suggesting a greater emphasis in IGHM mutations using the influenza vaccine product; curiously, other studies have shown that memory IgM B cells harbor more mutations than naïve IgM B cells \[[@pone.0177831.ref064]--[@pone.0177831.ref066]\]. These results suggest that foals generated, under these conditions, a predominant IgM influenza-specific response to vaccination; however, additional studies are needed to verify this hypothesis. Finally, in agreement, no differences in CDR3 lengths of KLH- or influenza-specific IGHM sequences were found between groups. Whether the carbimmune adjuvant present in the influenza vaccine formulation and not included in the KLH vaccine had a role in promoting Ig diversity of influenza-specific responses is unknown. Adjuvant may skew the T cell response and thereby direct the ultimate humoral and cellular immune responses \[[@pone.0177831.ref067]\].

KLH- and influenza-specific IGHG sequences were detected, albeit less readily than IGHM sequences, in the vaccinated foals, independently of the vaccination status of their dams, and not in the non-vaccinated foals, which validated the use of Ig sequencing as an approach to detect feeble humoral responses in neonates. IGHG sequences provide a more comprehensive readout of germinal center-generated Ig diversity, with increasing affinity and selection for antigens. As for influenza IGHG, only 1 to 2 unique sequences were obtained from Groups C and D, including the mares, which prevented comparisons of results; nevertheless, the qualitative detection of influenza-specific IGHG sequences testifies to antigenic recognition and B cell development in the vaccinated equine neonate, which was not possible based on serum influenza-specific IgG levels. The low number of unique sequences identified in the foals suggests low frequency of antigen-specific B cells in the circulation during the study period. However, the reason for this same finding in mares is less clear, and possibilities include timing of blood sampling (3 weeks after the booster dose) that resulted in lower number of circulating antigen-specific B cells; or poor immunogenicity of the vaccine, taken the low serum antibody levels post-vaccination. Importantly, the CDR3 length of Ig-specific IGHG sequences in equine neonates overlapped between the vaccinated foal groups, and between vaccinated foals and vaccinated mares, indicating competent accumulation of mutations during the Ig affinity maturation in germinal centers, again independent of vaccination status of the dams. Since the CDR is the variable region of the Ig that provides diversity and specificity after antigen encounter, it has been shown in a vaccine study that the CDR3 amino-acid sequencing is shared among individuals who received the same vaccine, with greater similarities through time, indicating selection and specificity for certain vaccine epitopes \[[@pone.0177831.ref068]\].

In previous studies, we also demonstrated that general Ig sequence diversity increases from fetal to neonatal period, and between the foal and adult stages of life, without biased usage of IGHV, IGHD and IGHJ gene segments \[[@pone.0177831.ref009]\]. Likewise in this study, the IGHV gene usage for KLH- or influenza-specific IGHM and IGHG indicated competence for diversity in the equine neonate. For IGHM, IGHV2S3 was the most predominant IGHV gene utilized, followed by IGHV2S2 and IGHV2S4; these IGHV genes are the most commonly used in all stages of equine development, and all 3 genes belong to the equine IGHV subgroup 2 \[[@pone.0177831.ref009],[@pone.0177831.ref011],[@pone.0177831.ref069],[@pone.0177831.ref070]\]. Usage of IGHV4S1 and IGHV4S2 genes was also identified in several foal antigen-specific B cells, regardless of vaccination status; suggesting that IGHV gene selection is not biased in the response to vaccination in this case. For IGHG transcripts, gene usage of IGHV2S2, IGHV2S3 and IGHV2S4, was identified among vaccinated foals and mares, similar to usage in randomly selected B cells. Equivalent IGHV usage in antigen-specific B cells reported here somewhat differs from the IGHV repertoire of antigen-specific B cells of human infants less than 3 months old, where usage of both overlapping and distinct IGHV genes was documented upon comparison to that of adult antigen-specific B cells \[[@pone.0177831.ref023],[@pone.0177831.ref071]\]. More biased IGHV gene usage has been described in fetal mice in comparison to adult mice \[[@pone.0177831.ref019],[@pone.0177831.ref072]--[@pone.0177831.ref074]\]. In addition, foal KLH-specific IGHG sequences revealed the use of IGHG1, IGHG3, and IGHG5 isotypes, comparably to the mares' isotypes and published data in adult horses (reported as IgGa and IgGT), also indicating competence in isotype switching \[[@pone.0177831.ref047]\]. Influenza-specific IGHG sequences encoded IGHG1 and IGHG6 isotypes, consistent with reports of influenza-specific serum IgGa (encoded by IGHG1) but not IgGT (encoded by IGHG3 and IGHG5) in response to vaccination of adult horses \[[@pone.0177831.ref075]\].

One other important goal in vaccination of the young is the generation of antigen-specific memory cells. The CD38 molecule is a marker of cell activation, and CD27 a marker of memory \[[@pone.0177831.ref076]\]. On day 42, after 3 doses of vaccine, the expression of CD27 in antigen-specific B cells was rarely detected in vaccinated foals, whereas the detection of CD38 was more frequently measured, with no statistical differences between groups. The lack of CD27 mRNA detected in foal antigen-specific B cells is consistent with studies of human B cell ontogeny, which revealed that CD27 expression significantly increases by 6 months of age, and the reason for this apparent developmental delay is not clear \[[@pone.0177831.ref077]\]. Support to this observation was obtained from the low frequency of circulating antigen-specific T cells in the short studied period of 42 days (supporting information). Since other foal vaccination studies have documented cell-mediated immune activation with live vaccines or at later ages, analyses of samples from subsequent time periods (e.g. at 3 months and 6 months of age) would be informative regarding the effect of age and circulating maternal antibodies in immunologic memory development \[[@pone.0177831.ref046],[@pone.0177831.ref078]\]. Indeed, physiologic lymphocyte population expansion in response to environmental antigen shows an age-dependent increase that becomes obvious in the foal by 3 months of age, with markedly high peripheral blood lymphocyte counts and hyperplastic lymphoid tissues, including mucosal-associate lymphoid tissues \[[@pone.0177831.ref007],[@pone.0177831.ref015],[@pone.0177831.ref079],[@pone.0177831.ref080]\]. Therefore, further work is necessary to characterize the timeline of quality and memory development of the immune responses in early life, starting at neonatal phase, not only for horses and domestic animal species, but also for humans \[[@pone.0177831.ref081]\].

The results presented herein confirm and extend previous studies documenting the equine neonate's capacity to produce antigen-specific Igs early in life. Despite the fact that primed T cells and memory cells were not numerous in the periphery in the first month of life, the detection of a robust KLH-specific humoral response both at the protein and molecular levels testified for a productive immune activity in secondary lymphoid tissues. In the case of influenza, antigen-specific IGHG sequences detected in vaccinated foals, despite the unmeasured serum response, suggest the presence of immune mechanisms in place that could be explored by different vaccine formulations for an improved amplitude of response. Other studies in the foal have also shown antigen-specific serum Ig levels induced by vaccination in the first week of age, in the absence or presence of maternal antibodies, including different types of vaccine formulations and routes of administration \[[@pone.0177831.ref029],[@pone.0177831.ref078],[@pone.0177831.ref082]\]. Additional vaccine studies of foals 1 to 3 months of age found variable antigen-specific serum Ig responses but observed either protection from clinical disease or evidence of immune priming, underscoring the importance of not relying on antigen-specific serum Ig levels solely as a read-out for vaccine efficacy \[[@pone.0177831.ref046],[@pone.0177831.ref083]\].

In conclusion, the data presented herein revealed that vaccination of equine neonates on day 3 of age, followed by booster doses, induced antigen-specific humoral immune responses with a diverse Ig repertoire that undergoes isotype switching measured at the molecular level, independently of circulating maternal antibodies. Importantly, we observed that antigen-specific Ig sequencing provided a detailed measurement of endogenous humoral immune response, and this methodology can be applied to any vaccine or pathogen in any host species. Using this approach, future studies may investigate optimal frequency and interval of boosters for the young horse, effect of vaccination protocols on immunity later in life, and types of vaccines and adjuvants tailored to the young immune system.

Supporting information {#sec020}
======================

###### 

**Fig A. Antibody level results obtained using influenza ELISA and EIVHAI assay. (A)** Antibody levels from mares in Groups C and D (n = 12) obtained using the influenza ELISA (normalized optical density, O.D.) showed agreement (r = 0.7424, p = 0.0057, Pearson correlation) with the results obtained using EIVHAI (units of antibody). **(B)** Pre- (median 60, minimum 8, maximum 192) and post- (72, 24, 192) vaccination EIVHAI units of antibodies were determined in serum samples from mares from Group D (n = 9) vaccinated with 2 doses of the influenza vaccine. Data points from the same mare before and after vaccination are connected by a line. There was no statistical difference (p = 0.2) between sampling times, and overall median fold-difference between before and after vaccination was 2. **Fig B. Antigen-specific B cell sorting.** Using a high-speed cell sorter, (A) leukocytes with size and granularity characteristic of lymphocytes were initially tested for the expression of the CD21 B cell molecule; (B) from the CD21 positive (CD21^pos^) population, antigen-specific B cells for KLH (KLH^pos^) or influenza (FLU^pos^) were sorted directly into individual tubes containing lysis buffer for subsequent molecular analysis. Note the rare antigen-specific cells in comparison to the overall B cell population. **Fig C. Schematic of primers used for Ig amplification.** A recombined Ig transcript is shown, with the IGHV gene presented in a white box. Complementarity-determining regions (CDRs) 1 and 2 are shown in thin black boxes, CDR3 spans the 3' end of IGHV gene along with recombined D and J gene regions. The Ig heavy chain constant region is shown in a gray box. 1) To amplify and sequence IGHM transcripts, a conserved primer in the IGHV region was paired with a primer approximately 120 bases into the IGHM constant region, and resulted in products of approximately 450 bases. This primer was designed based on a conserved region among the 522 equine Ig heavy chain sequences available in GenBank (DQ125413-DQ125458, HM175886-HM176092, HQ403608-HQ403643, KC549680-KC549800, KF748698-KF748792, KJ741369-KJ741385), the equine genome sequence IGHV region (NW_001876796), and other projects in our laboratory (50). When no IGHV-IGHG product was detected, other conserved IGHV forward primers (`5’ GTGGTTCTTCCTCTTTCTGGTG 3’` and `5’ GCTCCTACATGTGTCCTGTCC 3’`) were used singly and in semi-nested PCR but no additional PCR products were obtained. 2) To amplify the IGHG constant region, primers conserved among the 7 IGHG isotypes were used and produced products of 71 to 74 bases. 3) To sequence the variable region of IGHG transcripts, the same conserved primer in the IGHV region used in set 1 was now paired with a reverse primer in the IGHG constant region that was conserved among the 7 IGHG isotypes. IGHV-IGHG products ranged from approximately 550 to 600 bases. **Fig D. KLH-specific IGHM CDR3 length distribution.** The CDR3 amino acid sequence length of KLH-specific IGHM transcripts from foal samples is presented on the x-axis, and the number of unique clones on the y-axis. Data are shown by sample time (age) for each group (Groups A, B and E). **Fig E. Influenza-specific IGHM CDR3 length distribution.** The CDR3 amino acid sequence length of influenza-specific IGHM transcripts from foal samples is presented on the x-axis, and number of unique clones on the y-axis. Data are shown for sample time day 42 for each group (Groups C, D and E). **Fig F. Cytokine production by foal peripheral blood leukocytes stimulated *in vitro* with KLH or influenza protein.** Peripheral blood isolated leukocytes from days 3 (black bars) and 42 (white bars) were not-stimulated (baseline) or stimulated *in vitro* with KLH, influenza or PHA (positive control). After 60hrs in culture, cells were labeled for the expression of IL-4 and IFNg. Percent values of IL-4-positive or IFNg-positive stimulated cells were normalized to (divided by) values measured for the respective non-stimulated samples. Data are shown as relative expression above baseline, and by group: vaccinated foals from non-vaccinated mares (KLH, Group A; influenza, Group C); vaccinated foals from vaccinated mares (KLH, Group B; influenza, Group D); and non-vaccinated foals from non-vaccinated mares (Group E). For PHA-stimulated cells, data are shown for Groups A, B and E. There were no statistical differences (p\>0.05) between days 3 and 42, or between groups.
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